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1. HE F_THE .

(a) RBending stressss.

The greatest stress in the gear tooth is determined by the valus

smgx
of bt . If one assuxes - as is common with straight cut spur
goars, - that the greatest tooth pressure (peripheral pressurs) en-
countered, Ppay, is distributed uniformly over the whole widih b,
but is carrisd ouly by the outer corner of oms itooth, then for gear
wheels with teeth of the common involute form

P
K 14 . -Zax (1)
p 4 gy

T

* (4n expansion of a report sent in as an introduction to & discussion
on experiencs with geared propeller drives held on May 10, 1918,

at Charlottenburg.)
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From the power N delivered by the engine to the gear there can be
determined of course only the mean valuwe Py , in which Py = 75.N ,

. vu
and this value has been computed for the various captured sngines
which wers studisd, Table I, Fp . can under certain circumstances
be considerably greater than Py, either bescauso of acceleration
pressures resulting from incorract pifch or form of teeth, or be-
cause of irregular delivary of power from the engins, or finally
because of reinforced vibration near a resonance period of the shafi;
consequantly, no statements can be zade as to the actual magnitudes
of Fpoyx. Accordingly, in Table I, thers are considered only the
mean tooth pressurss (peripheral pressures) Py, compuved from the
engine powers,

From Table I it can be concluded that with good steel one can

at oncs assume Py = 200, although this value according to formula (1)
bt i
répresents a stress K, = 2800 kg/cm2, With somewhat more accurate
pitching the load is carried by more than ths ome tooth, because of
the deformation of the loaced tooth. The thworetical stress in the
toeth would be less still if the root and tip of the tooth were not
made so high, as, for instance, in the Napier goar {in which to be
sure the overlapying in meshing is reduced), or if ths root wers made
specially thick z’as, for instance, by the Masg, Friedrichshafen).
Phis becomas espesially true with the uss of obliqus teeth (as in
the Bispano-Suiza), ta which class belong herring bons gears and arc-
shaped gears, since in these the tooth pressure is distributed uni-
formaly on an obligue line running from the root to the tip of the
tooth. The stressas are worse, however, if tha teeth bear unsvenly
as a result, for instance, of warping in hardening, umtrus keying or
poor forming. Too small a radius of the root is a more common defect,
ard on account of tho scoring action is very dangerous. All these
circumstances must be considered in determining the bending stress
or the value of Py .
i

It was detormined that chrome nickel stesl was the matorial
used in most of the gear wihesls of the captured engincs. The gaears
are hardened (case hardmned} as a rule but are not all ground.

(v) Compressive stresses.

In general, tooth failurss rarcly appoar in the captured sngines
ard in those instancas where they have bean found they might have oc-
curred in landing. However, sufficient bending strength can bz eas-
ily obtaired even with straight cut pgears.

The compressive strength, which might be called the hearing
strength, seems more important; that is, the surface pressure of tle
opposing curved tooth facss must never sxcesd the elastic limit if
no permaaent deformation and consequently no wear of the teeth is %o
occur. The compressivae strength also has a dirsct efisct on the
presarvation of the lubricating film betwzen the tecth, for the greatar
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ths surfgce pressure and the smaller the relative velecity of sliding
V¥, of the testh the more difficult to kssep the o0il between the teeth.
Tge relative sliding spsed of straight toothed gears is zsro at the
pitch or rolling circle, whare pure rolling of the teeth on ome an-
other occurs. At this point the oil is sasily squeezed out; mestal-
lic contact between the surfaces of the teeth occurs and if the elas~
tic limit is excoedsd, distortion or wesar is unavoidable. '

In order to compare the tearing strength of stralght cut gears
with tho results of sxperisence with bearings one can compute tho rel-
ative tooth curvature of the tseth at the rollirng circle. For inve-
lute teeth the radii of curveture of the testh at thes rolling circle
ars the distances e; amd ey between ths cantral point € and the
tangent points G; and G, of the tangents to the bass circles (soe
Fig. 1). The relative curvature of ths testh accordingly expresses
the curvature of a roller lying on a plane and whose diamstsr Op
is given by the equation:- .-

25, 1t 1 NS 1
8, ey ep ry - cosEX | rp cosl

The + sign applies if the centers are on opposite sides of the axis
{external or spur gears with involute system) the ~_sign if they are
on the same side (internal gears). The values of P__% then are a

. . b . .
measure of the "bearing strength." The values of the %llar Jdiameters
61. for the captured engime gears are given in Table I and since “max
is unknown the valuss of - L. gre given. '
- Or

_ Prom experisnce with the gears it is concluded that if all the
gears are of hardensd steel - ’

—=4_ = 100 shoulda be suitabls
b. 8y <
and that if Py = 30 the gears need not be hardened. It is espec-’

b.
r -
ially notable what favorabls roller diameters ars pbtained with in-
ternal gears, with whick hardening is as a rule unrscessary. For
roller tearings where hardensd rolls run batween hardened rings

P‘ll
b. &

the rolls bear directly on the unhardensd shaft 10 to 20 should be
substituted.

= 200 and more is permissibls for leow peripheral speeds. Whers

With obligque toothsd gears the contact shifts with great spesd -
from side to side (with Berringbons and arced tooth gears from the cen-
ter out and inversely, respectively) as a result of which the lubri-
cating £ilm is squeszed out with more difficulty. A small angle to
ths testh is of advantage in this commsction.
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As to tooth forms, involute testh are found in all the captured
engines, which have the great advantage of being accurataly formed
and independant of centar distances, although the Cycloidal type would
have better fitting testh and consequently smaller valuss of Py :

. - b Or
(e) Heating. - L

When comparing gears bosides the bending and crushing stresses
their tendeuncy to heat is important, The determining factors here
are the hsat generated - dependent on AL.P.V, - and the surfaces of
the gear wheels which absorb and carry away the heat. In this only
the width and diamster of the gears are of importance guite independ-
ently of the pitch. Vg, the momentary sliding velocity of the teeth
is given by

Vg = e(wl + W,) = e(nlgfsnz)

in which e is the «¢istance from the central point € (Fig. 23) at

which the teeth touch and the + sign applies for external (spur) gears .
and the - sign for internmal. The distance & variss from O to
maximum valuss which are dependent on the pitch t. The mean value

of Vg ie consequently dependent on t and the respective revolutions
my and ng of the gears. Accordingly, the expression

+
w= Pu « (nl -_'.- nz) = Pu D (nl - nz)
b.d b z

can be taken as a measure of the heating of the gearx.

_(WOTEj: If several gears. (say:ii) work with one, as for instance
in the Rollp Royce drive, where i oquals successively 3, 1, and 3,
then this equation becomes '

-
w=13i, EB . (nl-fz).
b z
The valuss are to be computed for all four gears in this manner.

In Teble I this value is given for the smaller gears of each
drive, since thase givs the highsr values, and from exparience with
the gears it can be assumed that w < 30,000 should be suitable.

The larger w is the most conveniznt method of cooling the gears, -
that is, the carrying off of the heat into metal parts and cooling
these with air, - must be assisted by the less certain method of oil
cooling, The smaller w tho less need it be feared that the gears
will run hot if the lubrication is temporarily interrupted. The Rolls~
Royce geszr (Nos. 11 to 13, Table 1) has the smallest valus of w.

This is lubricated, lixe the besarings, from the shaft and partially by
0il from without, but the oil thrown off flows back into the “dry"
crankcase. In the Wolseley Hispano-Suiza gear (No. 10} a very heavy
lubricstion is proviued by a special 0il pump which squirts ths

0il into the point where the teeth mesh through a slit in a pips.
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The gears should not be lubricated so hoavily that the oil
hoats up &5 the resvlt of a sort of churning. This may occur either
because the walls of the case ars tooc close to the gears or becauss
the 01l is caught tetwoen the faces of wide gears and forced out
sidewise with great force. In eithor case ummecsssary friction is
produced with heating and thinning of thes oil and a2 corrssponding
loss of power. The more the dissipation of the hsat genmerated caan
be left to the motal parts and the air the better for the gear
drive and its efficisncy.

(d) Procision of Menmufacture.

The periphsral speed V,; is a quantity frequsntly used in com~
paring gear wheels. It becomes more important the more defects thers
are in the transmission ratioc due to inaccuracies in pitch or tooth
forms. Inaccuracies in the teeth can be very plainly recoguized
with the Saursr gear testing machins. By courtesy of ths Zahnradfab-
rik Friedrichshafen (Friedrichshafsn gear fastory) several diagrams
from this machine are reproduced in Figs. 3 to 7.

{(The Szurer gser testing machine tests gear wheels of any ratio.
Two accurately circular pulleys, which ara connscted by a steel belt,
provids an exact transmission without play or backlash with which
the actual transmission of the gear wheels is ccmpared. If the tooth-
ing is free from inaccuraciss the pointer of the machlne draws a cir-
cle or, if the pulleys have not the precise ratio of the gears, a
spiral. The radial variations from the spiral correspond to tangen-
tial variations of the center distances magnified 200 times, and
therefors show the angular error.)

The diagrams bring out in a etriking manmer the defects of the
transmission which may be cgused eithsr by inaccurate sstting of the
goar wheels in manufacture or erection, or by inaccurecies in the di-
viding plate or gear cutting machine, but espacially by shrinking
when hardsning. Besides thess thers occur in ths gear drive itself
errors due to bending of the shafts or shifting of the wnequally
heated gear wheels. Defects in the transmission ratio cause move-
ments back and forth of the teath, ths blows from which are divided
between both gears in proporticn to the frictional and inertia resis-
tanca. Bessides thess there alse occur reciprocal displacements of
the gear centers as a result either of play in the bearings or spring-
ing of ths shafts. An error of .0l mm. at the periphery would cor-
respond to & center displacement four times as great or 0.04 mm., If
~ the mass of ons gear is vary great compared to that of the othsr it
will run on uniformly and the smaller will teke =211l the variations.
This applies for instance to propeller shafts whoss revolving masses
far exceed those of the crankshaft,

!

! The magnitude of the acceleration pressures which arise in this
case, can be oocmprehendesd if one considers the time in which the mo-
tion takes place. All the motions can be considered as portions of
harmonic vibrations and thus made more convenient for computation as
the computation of the acceleration pressurss for these is very simpls.
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Assupe, for instance, that & toobth wovement is part of & har-
monic vibration whose period is shs 1/ith part gf e revolusion,
The whole vibration then has a psricd of T = 55—; sec. and the

1-
greatest accelaration pressure is P =m,; . &1 - i  in which O3
is the mass rigidly attached to the testh of gear I referred to the
rolling circls, a; (in meters) is the radius of the vibration or ths
distance by which gear I dsparted from mean position, and

Q_]:-.M_:ﬂ:}.
1 T 8.6

is the angular velocity of the harmonic vibration. Expressing &y
in mm,

E &y )m By .4 2 _— nyi 2
IP=my ——-‘=—-—-—moo = (9.5) ~ Cr-m - (5—6)

If now for example, Grl =5 Xkg., & =0.05 me., n= 1200 r.p.m.,
, + +
z = 20, then - P = - 400 kg.

Consequently, coarse inaccuracies of tooth form or pitch can ex-
cite forces of considersbie importance which are superposed oan the
forces transmitted from the engine, If in the preceding example the
mean peripheral pressurs is only occasionally P, < 400 kg.,
changss in direction of pressure occur in the teeth and the gears
will be dashed to and f£ro. For this rsason small gears and high per-
ipheral pressures are gonerally desirable. As for the rest it is eas-
ily seen what relation the acceleration pressures have to Gp.&, n and i.
The practical method for reducing thsse added pressures is indicated,
howsver, since nn and 1 can generally te changed less easily.

1. Beduce ths referred wsight Gr of both gears or at least of
one. The masses revolving with the gear testh should be kept as
small as possible, either by lightening the gears or by ssparating
the teeth or the wheel from the other shaft by a flexible mounting.
It will be explained later to what extent the flexible mounting may
work unfavorably.

2. Reduce the inacouracies a. As far as they arise from the
pitching or the tools they are smeller, the smaller the diamster and
the finer the pitch (or Modulus). But with fine pitches i 1is easi-
ly increased. On the other hand, ths balancing effect of the lubri-
cating oil becomes greater, the smaller & is, which is favorabls to
fine pitches (compare ths Rolls-Royce gear). The beat msans, how-
ever, is to increase the requirements as to accuracy of toothing and
assembly by accurate msasurement.of defects and a reduction of the
magnitude of the allowable defecta. If, for instancs, in the example
given above, the inaccuracy instead of baing .05 +mm. w&s only .005 mm. -
which cen easily te obtainsd by grinding - then - P = - 40 kg, which
is Quite permissible for the gears in question.
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The diagrams of the Saurer gear testing machine show that the
accuracy of ths trensmission ratio can be carried very far by grinding.
Accordingly, the gears should either be milled or shaped with the
greatest accuracy and used unhardened with correspondingly reduced
stresses or hardened andground. In either case all geaers should be
tested in order that defects may be discovered in time.

The clearance (play) between the testh may be as large as desired
if, or as long as, no change in direction of pressurs occurs. If,
for instance, with e mean pgripheral pressure of 400 kg. Punex = +
800 kg., and we never have “umin Z 0, the teeth remain always in
contact. Howover, changes in direction of pressure occur practically,
with great irmegularity of torgqus - for instance, with sngines with a
small rumber of cylinders or low revolutions, 1) ~ with very inaccu-
rate toothing, but especially at periods of "critical vibration" which
will te discussed later. It is satisfactory in any cass if the teeth
have & little play, which should be raduced only to avoid too much
nioise when idling and in the region of resonance. Ths gears of the
. Hispano~Suize engines are assembled with a noticeable clearauncs so
that after thsey have, warmed up a sufficient oil clearance will remain.

1) Four 4-cycle cylinders {(at 180°) cause reversals in direce
tion of pressure btefore the fly wheel for all speeds of revolution,
and consequantly, in the gear wheels without fly wheels. Six oylin-
ders have this effect only at a low torque or with very heavy moving
masses. Consequsntly, a 6-cylindsr airplane cngins can cause rever-
sals either at low r.p.m. near idling speeds or at very high r.p.m. |
(with heavy pistons and high piston spoeds). With 5, 7, 8 and more
o¢ylinrders with crank angles aqually spaced, the piston masses have
no effect on uniformity and reversals can occur nsar idling speeds
only for a smeller number of cylimders. DNaturally, the region of re-
versals is largely dependent upon the compression ratio, wanich affects
the negative work.

The reason the mass effects 'play a pert only in four and six
cylinder engines lies in the peripheral forces excited in the crank
circls by the mass effects.

Py= Z (P, . sinc) in which P_ are the mass pressures of the
reciprocating parts. Now By = rer . 02 (cos & + A cos 200).
Hence Py, = E_‘i-’z__ J m. (Y eoszec- X .3 sinX + N .o

sin3 & ) For 4-cylindor engines $ cos2 & = 2 and for
6-cylinder »  sin 3CC = 3. Por all other equi-angular crank set-
tings the respective summations = O, consequently the peripheral
forces excited by the masses are Py = O.
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II. GENERAL ARRANGEMENT OF THE GEAR.

In the construction of the geasr drives for airplane enginss ths
three principal rules of mechanical enginsering apply with special
force:-

I. A1l load carrying parts - gearing and housings - must be
Joluwed together in ths most dirsct mammer %to obtain strength and
rigidity.

II. vhore g variation in distances bsiween centers is unavoid-
able as a result of wear, or no exact assembly is possibla, suitabls
provieion must be made for adjustments.

IXI. Where a movement in the gears or housing is unavoidable or
cushioning or yielding effect is nscessary, sliding or slastic
joints must be introduced in such a marmer that the effe¢t of the
movement or yielding can bes accurately determined or compuied.

For air propeller drives single or doubls raduction gear drives
can ba used. The single reduction gesars can be either spur gears, or
internsl gears, and as a rule work out simpler, lighter and chsaper
than the double reduction drives. Conseguently, they are the most
common (Figa. 8 to 11). Practical expsriencs with these gears and
inspection of the tseth of thsir wheols shows that heavy wear takes
place in all single reduction gears except the Hispano-Suiza (Fig. 11),
in which the teeth generally beer splendidly. The worst bearing is
in the teeth of those gears in which the driving pinion is fitted
with a bearing on only one side of the whesl.

Single reduction gears with internal gearing have not bteen cap~
tured as yet. BHowever, Birkigt, designer for the Hispano-Suiza Works,
has had such a gear patonted in England (Fig. 12). A notabls featurs
is tho attachment of {he internal gear housing to the crank cass by
an eccentric centaring flange which makes it possibls to accurately
fix the play. Against the great advansages of the internal gear must
be balanced the difficulty in arranging satisfactory bearings on both
sides of the wheels. Howsver, satisfactory solutions of this problem
are not impossible,

Double reduction gears with two different pairs of whesls ars
principally used where the powsr must be delivered in the same axial
line as the crank shaft. Their construction leads to many and varied
solutions, since both pairs of wheels may be fitted with internal or
extornal toothing and in addition any onme of the three shafts may be
fixed while the other two drive and are drivem. In this manner alome
12 solutions are found which are assambled diagramraticelly, ard for:
& transmission ratjo of 1 : 2, in Fig. 13. The solutions are arranged
in the horizontal rows &, Bg, and B, according to the motion of the
intermediate shaft.

Bow A Intermediate shaft fixed in housing.
Bg " T revolving with propsller.
By ® ® LA " crank shaft.
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{Rows By and B, illustrate the planstary gears.) In addition, the
vertical rows. 1 to 4 are arranged according to the direction of ro-
tation of the shaffs. 4s will s wnderstood all the solutions are
not ¢f the same valve for actual construction since in different ar-
rangsments the provision of besarings on both sidss of the goars makss
more or less diffieulty, the space occupied may be very great and the
revelutions of the intermediates shaft may be very high.

For g better compsrison the graphicel computation has bsen added
in Fig. 13 for sach case. According to the wsll known method the
T.p.me 0f the crank shaft (ny) and of the propeller (n,) have been
laid off in magnitude and direction (relative %o the fixed housing G)
at the point G of the intermediate shaft Z, (Fig. 14). If the spider
R is fixed to the housing its r.p.m. is zero and its origin coincides
with G. But, if it revolves itself, with r.p.m. u., or n, then R
is applisd at the axtremity of ny, or n, (see Fig. 15). UThe r.p.m.
n, of the intermsdiate gears relative to the spider R is agsumed
as to magnitude and direction as conwenisnt. If now the extremity of
n; 1s joined to those of =ny; and n, the intersections on the spider
indicate the tangent points of the rolling circles.

In eddition the double reduction gear can be constructed with
spur gears oY bevel gears.

Ths much simpler forms in which both pairs of wheels have omd®
wheel in common form a spscial cass, (eee Figs. 16 to 19). The form
of Fig. 16 is developed from that of form &; of Fig. 13, the form of
Fig. 17, from A4, and of Fig. 18 from Bgy. It will be cbserved with
this last that the trensmission ratioc is limited (to about 1 : 1.5).
With the form of Fig. 18 a ratic of only 1 : 2 is possible.

The Rolls-Royce planetary gear is the best known (Figs. 21 to 23).
In many details it is directly representative of the type. It is
represented by the form Bg, of Fig. 13. The gear a revolves with
the revolutions + ny of the crank shaft, gears b and ¢ with the
relative revolutions +' n, in the spider i, which is more plainly
shown in Fig. 23, and which in turn revolves with ths revolvtions ng4
of the propeller while gear 4 is held against revolving in the
housing. '

The advantage of the dowyple reduction gear over the much simpler
single reduction gear lies in the perfectly axial transmission of the
powsr, from which the best cordition of lecading of the housing - pure
torsion - is obtained. If ths power is transmitted throwgh 2, 3 or 4
intermediate gears at equal angles springing of the gear shafts from
unequal peripheral forces or inaccurate tooth forms does not occur.
Certain arrangements also make it possible to wse heavy revolving
masses, for instance, those of the intermediate shaf{s or the larger
wheels with internal toothing, for the improvement of the uniformity
of transmission and to avoid reversals of tooth pressvres. The prin-
cipal advantags, however, consists in the fact that on account of the
load being divided between 2 to 4 intermediate gears the tooth pres-
sures per unit of tooth face are very low. Consequently, small pitches



and small gears ¢an bs used which in turn have smaller construction .
defects, since the defects resulting from inaccurate dividing whesls
inorease with increasing radius. The disadvantage of the double re-~
duction gear is that it is relatively hoavy and costly and makes
great demands on the accuracy or exact adjustment of the intermedi-
ate shafts if all the gears ars to work equally, Finally, the solid
and secure assembly of the goar make necessary a series of connec-
tions which do away with the theoretical simplicity of the type.

In accordance with the first law of light machinery construction -
that all load carrying parts are t6 be joined togethsr as rigidly
and unvaryingly as possible - it is best to fit only ball bearings
in the gear case. Then ths possibilities of wsar and of changing
centsr distences nsed not be considered, especially if the gears can
be fitted in place with the proper clearance. (Note: BSunbeam fits
even the crank shaft gear in plain tearings.)

The crank shafts of most of ths engines fitted with gears ran in
plain bsarings which might wear. This was especially the cass with
eng, ines having six-throw crankshafts. If a bearing ran hot, probably
ths centsrline of the crankshaft after the engine had been overhauled
had another position than originally, unless special msans to prevent
it were provided. Consequently in the Remault, Paugeot, Napier and
similar engines ball boarings were used for the crankshaft and in this
manner the difficulties resulting from possible change of center dis-
tances were avoidsd. In the Hispano-Suiza engine only the first
crankshaft bearing ~ which also takss ths gear pressure - is a ball
bearing. At sach overhaul the slightly worn plain bearings must bs
replaced by new ones truly centered.

If it is not desired to go to thess measures it is nscessary to
fit & joint either in the fixed part, for instauce, between crankcase
and gear case, (Fig. 24) or in the transmission betwsen crenkshaft
and gear (Figs. 25 and 27), which will either adjust itself automat-
ically while running or can be adjusted in assembly. If such a joint
adjusts itself automaticelly, as must be the case when it is fitted
between crankshaft and geer, it also equalizes the expansions due to
heating of the c¢rankcase and gear case and makes the assembly of gear
and engine easier, Gsnorally two shafts - or two housings - which
are to remain always parallel can be comxected by a sliding cross
linkage K (Fig. 25), a sort of sliding joint 8, (Fig. 24), or a
floating shaft W, (Fig. 28).

The msthod of the sliding cross lirkage bas been used in the
Rolls-Royce gear - however, in a fixed housing - in a notable manner.
The 1link (Fig, 22) and o of Fig. 2 1, lies between the outer engins
housing and the intermediate gear whesl, 4, which is held in the
housing. Consequently this can adjust itself and always remain con-
centric with the crankshaft. The whole set of planetary gears also
always remains concentric with the crankshaft -~ which may shift in ths
tasing - but not with the casing. The joint tetwsen the fixed gear
wheel and the housing is accordingly adjustable transversely in any
direction and adjusts itself corrsctly while the forward bearing g

and h must be adjusted on each overhaul of the engins by the ad-
Justing screws, f.
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In principle this cross link could just as well be placed betwesen
crankshaft and. gear. In that case, however, the whole gear would
have to be carried in rigid bearings in the ease, The preceding ar-
rangement saves a bearing and has the advantage that the cross link
does not rotats and consequently can be easily kept in oil, DBesides
it does not have to tranamit the vatying torqus of the crankshaft.

In addition the mass of the inbernal pear which is directly attached
to the c¢rankshdft helps the smoothness of rumning.

For the rest the problem of making the joint in the housing ad-
justable is best solved either by fitting the gear housing with a
flange which is not concentric on the engine housing and which after
every overhaul can be adjusted and sscurad anew, or by making the
bearings adjustabls (Fig. 27). This new arrangement of the Rolls-
Royce gear is known only from patent drawings. In it the uppsr gear
can be adjusted by eccentrically set ball bearing cages, ¢ amd d,
and the lowsr gear can be adjusted on ths engine shaft by means of
adjusting screws. The joint bstween crankshaft and gear wheel a is

a universal one, which is very convenient for assembly.

A gear mede by the Friedrichshafen gear factory (Zahuraderfabrik
Priedrichshafen) illustratee a method by which ths orank shaft can
be separated from the rigid gear set, (Fig. 28). At the same time
it accomplishes the attachment of large rotating masses to the
crankshaft, sc as 4o avoid reversals of pressure, and the separation
of the irrsgularities of the crankshaft from the gear. Ths utility
of this type of construction depends principally on the suitability
of the typs of coupling used.

When long shafts are used between enginme and propeller it 1is
best to fit the joints which bave been proven by use in automobiles,

Spring or elastic joints have ths advantags that they need no
lubrication. They must, however, be absolutely so perfect that their
elastic distortion compared to the angular motion allowed 1s either
extremely small or accurately doterminate ac that their influence on the
vibration freguency of the shaft can ba determined by sxperiment or
computed. Otherwise they may cause great danger to-the security of
;he goer and engine as a resvlt of ths possibility of resonance vi-

rations.

IIT. PRIMARY VIERATIONS IN THE SHAFT TRANSMISSION.

The prirary vibration frequency of a fresly vibrating crankshaft,
resulting from seme passing impulse, is determined partly by the magses
involved - that is the propellsr, the pistons, cranks, counter-weights
and gears - and partly by the springing of the shafts and gears. In
the usuval German 6-cylinder engines, with moderately heavy_air propel-
lers, whose moment of gyration lies between 20 and 5Q kg/m® ths freely
vibrating shaft has a frequency of about 6000 vibrations per minute;
in 4~cylinder engines more, and in the single crank radial or revolv-
ing about 20,000. Indesd fresly vibrating six-throw shafts maks a
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greater mumber of vibrations than the figwre given, becansa with
the masses distributed on ths craunks they can vibrate in two or more
nodes instead of one. Howsver, these higher frequencies nsed never
be practically considered.

Various methods can be ussd for the computation of the vibration
frequency; for instence that of Gimbel or that of Kutabach. {Ior the
former, see "Zeitschrift des Vereines deutscher Ingenieure® 1912, for
ths latter, the eams - 1917.) They can be measured in operation by
the use of the Gve.iger(:U Torsiograph made by lebman and Michselis of
Hemburg - which requires & degrse of practice in ite application ~ or
with the engine stopped. For this a series of light blows at regular
intervals is applied to the crankshaft. The vibrations thereby excited
in the shaft incre@se markedly when thé frequency of ths blows coin-~
cides with the fregusncy of primary vibration of the shaft. (When
goears are used contact under pressure must be meinteined by suitable
springs betwsen propsller and oranksbaft.) The primary vibration fre-
quency of the crankshaft is of great importance, sincs in opsration
a regsonant effect from the power impulses of the engine itself abso~
lutely must be avoided. In a 6-cylinder four-cycle engins or a 3~
cylinder two-cycle engine there cccur regular impulses with frequen~
cies of the threefold, sixfold, niwsfold, etc. revolutions, of which
the first are the strongest. In an B=cylinder four-cycle engime or a
4-~cylindsr two-cycls sngine the impulses occur at 2, 4, 6, ste. multi-
ples of the revolutions. Conssqusntly, for a 6-cylindsr engine whose
crankshaft has a vibration fregusncy of 6000 per minute the most dan-
gerous speed of revolutions is 6000 : 3 or 2000 r.p.m. The next most
dengsrous is at 6000 * 6 = 1000 r.p.m. &tc. It is important that the
revolutions ordinarily used shall 1lie as far as poesible from the reg-
ion of resonance,

If the diagrams of the individual cylinders are not equal, that
is, if, for instance, in an engine with two carburetors, one-half the
engine is regularly delivering more power then the other, then not
only ars the thres ang sixfold revolution fraguencies, impulse fre-
quenciss but alsc ths fow and one-half and ninefold revolution fre-
quencies. Thus 6000 * 4-1/2 = 1444 r.p.m. may bs dangerouve. it is
therefore alweys advisable to keep tho primery vibration freguency of
the crankshaft of 6-cylinder enginss above 6000.

Different builders use slastic couplings betwesen the air propeller
masses and the gear masses to improve the uniformity of rotation and
protect the gears from torsion. But by that the elastiecity increasss
and the vibration frequsncy decreases markedly. In s 6~cylinder engine
for instance it would be extracrdinarily dangerous if the vibration
frequsncy dropped to 3 x 1400 = 4200 on account of the use of such a
coupling. The shaft-revolving at 1400 r.p.m. would bresk soomer or
later. Likewiss the gear would have no sndurance, )

If it is desired or is mecessary to use such a coupling it must
e@ither bs mads so unyislding that the vibration frequsncy will alweys
remain high enovgh or it must be made so yisldipg that the primary vi-
bration frequency will not be rsached at any ordinary speed and if pos-
sibls not at idling speed. In any case such couplings should be care-

(3) See Z.V.4.E. 1917.
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fully studied out and for safety's sake it shouvld ba sstab’ished
that the degree of elasticity in the couwpling as asctually constructed
agrees with that assumed in the computations. Otherwise an endeavor
should bs made to get elong without elastic members.

This question is also of importance in connection with fast run-
ning blowers whoss masses completely change ths vibration frequency of
the shafts. For a ratic 1 +the moment ofzgyra.tion of ths blower has
an effect on the fres vibrations of the i valus.

In Figs. 29 to 34 (based on a communication from the Maschinen-
fabrik Augsbhurg-Nurnberg, Augsburg) the vibration freguency of the
first dsgree (primary vibration) of an airplans engire and reduction
goar is determired grephically. It is assumed that the propsller can
ba considered as a rigid mass and the gear whaels in actual contact,
which is not exactly trus. The computation - in which the cranksheft
is replaced by a smooth plain shaft of the sems valuo relative to slas-
tic distortion -~ shows that the primary vibration frequesncy of the
system, consisting of the six driving masses with crankshaft, reduc-
tion gear and a certain air propeller, liss at about 6710.

Fig. 35 shows spproximatsly the imflusnce of the diffierent irreg-
uler impulses of the motor torque in way of exciting resonance if the
crankshaft with a primary vibration frequsncy of 6710 makes success-
ively from O to 2500 r.p.m. It is based on rssults from the Torsio-
graph. It can be plainly ssen that between 1600 and 2000 r.p.m. the
engine is fairly free from critical spesds of rotation and that conse-
quently within this range the gear wheels will be little stressed
from vibrations. The critical r.p.m. at n = 1480 ie only the result
of unequal work by the different cylinders, conseguently is avoidable
and works diffsrently in different cases.
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